Using continuous seismic data from newly available broadband stations in Mexico and Central America we have obtained group and phase velocity maps of fundamental mode Rayleigh wave for the region. These new maps have been calculated for periods between 8 and 60 s from cross-correlations of seismic ambient noise between 100 broadband stations, and stacked for 30 months from 2006 to 2008. The tomographic inversion of the obtained dispersion measurements has been carried out on a 1
INTRODUCTION
Mexico is located in the southern part of the North America plate (NAM) and surrounded by different types of plate boundaries: trenches, fast and slow spreading ridges and active and passive continental margins (Fig. 1) . The NAM limits in its southern boundary with the Caribbean plate (CAR) by a strike-slip system generated by oceanic spreading on the Cayman Ridge. This strike-slip boundary continues towards the west into Guatemala as the Motagua-Polochic fault system. The westward extension of this fault system and its link with the Middle American Trench is poorly defined. Towards the east, the NAM-CAR plate boundary becomes a subduction zone where NAM subducts beneath CAR along the Puerto Rico trench.
The NAM plate boundary on the Pacific coast of Mexico changes from subduction of the Cocos and Rivera plates in the south, to oceanic spreading farther north in the Gulf of California and continues into the San Andreas fault system. Major sedimentary basins (e.g. Mississippi and Campeche) can be found at the southeastern end of NAM, on the Gulf of Mexico passive continental margin.
A number of surface wave tomography studies at different scales have been carried out in Mexico and surrounding regions. Most of them are based on earthquake data, although some recent studies are based on seismic ambient noise. The scales of the surface wave tomographic studies of this region of the NAM plate range from global to local. Global surface wave studies (e.g. Trampert & Woodhouse 1995; Larson & Ekström 2001) shear wave velocity variations in the upper mantle, but can only image large features, having almost no sensitivity to crustal structure. Some continental-scale surface wave studies of North and South America image the velocity structure beneath all or parts of Mexico. For example, Godey et al. (2003) obtain phase velocity maps of fundamental-mode Rayleigh waves for North America from 50 to 150 s with a resolution of 800-1000 km for all Mexico although only large-scale anomalies are imaged. Vdovin et al. (1999) obtain Rayleigh wave group velocity maps for South America from 20 to 150 s, including southern and central Mexico, with a resolution of 6-8 degrees. And Bensen et al. (2008) determine Rayleigh wave group and phase velocity maps for the continental US, including northern Mexico, from 8 to 70 s with a resolution of 60-100 km in well-sampled areas. Finally, smaller scale regional and local surface wave studies have also been carried out in different areas of NAM, such as the western Lin et al. 2008) and eastern continental US (Liang & Langston 2008) , the Gulf of California (Zhang et al. 2007; Wang et al. 2009 ) and Central Mexico (Campillo et al. 1996; Shapiro et al. 1997; Iglesias et al. 2001; Ottemöller et al. 2002; Iglesias et al. 2010) . However, none of these studies covers the entire extension of Mexico with relatively high resolution and many of them, particularly those based on earthquake data, do not provide information for periods shorter that 40 s. Therefore, the shallow shear wave structure of many parts of Mexico remains poorly known.
The goal of this work is to bridge the gap between local and regional studies and to obtain maps of surface wave velocity variations for all of Mexico and surrounding regions with higher resolution than previous studies, extending the period band to shorter periods that are sensitive to shallow crustal velocity structure. We attain this objective by incorporating newly available broadband stations in the region, and by using a methodology based on seismic ambient noise interferometry instead of traditional earthquake data. The first factor contributes to the increase of the ray path coverage in the region, and the second one allows to extend the period band of the surface wave measurements to shorter periods, and to sample regions that would be poorly covered using earthquake data alone.
DATA
Data used in this study consist of continuous recordings from approximately 100 broadband seismic stations of the Mexican and US national networks and other global and regional networks and temporary deployments. The most important contribution to this study comes from the use of the stations of the Mexican National Seismic Network. This network consists of 37 broadband stations distributed throughout the country, with higher density in Central Mexico. Station coverage in the Caribbean region has improved significantly in recent years because of the deployment of the US Geological Survey Caribbean Network (McNamara et al. 2006) . And finally, the availability of data from several high-density temporal broadband networks, such as the NARS array in Baja California (Trampert et al. 2003) , and the USArray Transportable Array in the continental US, has greatly increased the station density in the western and northern boundaries of the region. Fig. 1 shows the distribution of broadband stations used in this study superimposed on a simplified map of the main tectonic features of Mexico and neighbouring areas. For the stations shown in Fig. 1 lengths range from a few tens of kilometres to more than 6000 km and the time length of stacked signals varies from 30 d to more than 900 d (Fig. 2) . Although stations are not homogeneously distributed over the study area, the distribution of interstation paths provides a dense and homogeneous ray path coverage for Mexico, allowing for a significant increase in resolution with respect to previous studies.
METHOD
It has been demonstrated that it is possible to obtain the Green's function for a path between two receivers from the cross-correlation of a diffuse wavefield between them (e.g. Snieder 2004) . Following this idea, and considering seismic ambient noise as a diffuse field with homogeneous distribution of noise sources, several surface wave tomography studies using ambient noise have been carried out in different regions, ranging in scale from local to continental (e.g. Yao et al. 2006; Lin et al. 2007; Villaseñor et al. 2007; Yang et al. 2007; Bensen et al. 2008; Stehly et al. 2009 ). In these studies, the obtained dispersion maps correlate well with geologic and tectonic features, even in cases when the distribution of noise sources is not homogeneous.
The approach of using ambient noise has several advantages with respect to traditional earthquake surface wave tomography. A first advantage is that the range of computed frequencies depends on the interstation distance instead of on the earthquake station distance. Consequently, tomography of regions with low seismicity or constrained to a localized area can be improved in frequency and azimuthal coverage with a dense homogeneous broadband network. It is important to get a wide range of frequencies because surface wave sensitivity to shear velocity at different depths depends on the wave period. Another advantage is the higher resolution obtained with ambient noise tomography because of the increasing number of temporal and permanent broadband deployments in many regions, including high-density deployments such as USArray (e.g. Ritzwoller 2008; Yang & Ritzwoller 2008) . Finally, another strength of this method consists on its repeatability, which allows to obtain quantitative estimates of the measurement uncertainties.
In this study we will follow three main steps: obtaining interstation Green's functions from cross-correlation of seismic ambient noise records; computing Rayleigh wave dispersion measurements (phase and group velocities) and inverting the measured surface wave velocities to obtain 2-D tomographic maps at different periods.
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Green's functions from noise cross-correlation
Interstation empirical Green's functions can be extracted from the cross-correlation of long, continuous recordings of seismic ambient noise (Shapiro & Campillo 2004; Lin et al. 2008) . The time length required to obtain reliable Green's functions depends on the wave period. In this study we use 30 months of continuous vertical component recordings, which provide robust estimates of Rayleigh wave Green's functions in the period band of 5-60 s. To compute the Green's functions by cross-correlation we follow the methodology described in details by Bensen et al. (2007) which is briefly summarized here. First, we cut the continuous data in one-day segments, eliminate the mean and trend and remove the instrument response to obtain velocity records. Then we apply a signal normalization procedure in the time domain to eliminate the effect of earthquakes and other large amplitude signals. We also apply a normalization or 'whitening' in the frequency domain, to flatten the amplitude spectrum of the ambient noise in the period band of interest. After these corrections, we perform the cross-correlation between all station pairs. Cross-correlations are obtained in the frequency domain and added together (stacked) to increase the signal-to-noise ratio (SNR) of the resulting Green's function. As can be seen in Fig. 3 , the causal and acausal signals (at positive and negative times, respectively) for the Rayleigh wave Green's function can be clearly observed for most of the cross-correlations and for a wide range of distances. Fig. 3 shows a record section of cross-correlations of ambient noise recorded at station CCIG (see Fig. 4 for location) with all other stations, to distances greater than 3000 km.
To reject data from stations with timing errors, we visually compare monthly stacked cross-correlations between nearby stations, and identify differences in the arrival of the energy of the Rayleigh wave between months. This has allowed us to find four stations in our data set which had time problems during 8 months of their recording history, and that were therefore rejected when calculating the stacked cross-correlations. Finally, to increase the SNR of the cross-correlations and to reduce the effect of uneven azimuthal distribution of noise sources we stack all available one-day crosscorrelations for each station pair and calculate the so-called 'symmetric' cross-correlation, by averaging the causal and acausal signals. For the following steps we will use these symmetric stacked cross-correlations.
Measurement of Rayleigh wave group and phase velocities
The Rayleigh wave surface wave dispersion measurements, that is, phase and group velocities (c and U, respectively), are calculated using an automatic implementation of the frequency-time analysis of Levshin et al. (1972) . The computation of c and U is done independently, allowing to check the consistency of the measurements and to use both of them as independent data in the inversion for shear wave structure. This automatic implementation (Lin et al. 2008) allows to quickly process the large amount of crosscorrelations that are commonly generated in this type of studies, allowing to test different parameters for the pre-processing steps. However automation has the drawback that it can generate unreliable measurements, particularly for cross-correlations with low SNR. To eliminate bad measurements and to evaluate their uncertainties we have first visually inspected the stability of the results and then followed the methodology proposed by Bensen et al. (2008) . This involves obtaining dispersion curves for 3-month intervals during the entire time period of our data (January, February and March from 2006 to 2008; February, March and April from 2006 to 2008, etc.) and calculating dispersion measurements for all the 3-month cross-correlations. The standard deviation of these measurements is used as the uncertainty of the group and phase velocities. 
Tomographic inversion
Using the tomographic method of Barmin et al. (2001) , we obtain group and phase velocity maps for periods between 8 and 60 s on a 1
• × 1 • grid. This method uses ray theory and therefore considers that surface waves only sample the great circle path that links each station pair. However, off-great-circle propagation is partially taken into account by considering a non-zero ray-width sensitivity as a Gaussian function centred on the ray path, whose width is determined by the spatial smoothing parameter σ . In spite of the limitations of ray theory, it has been recently shown by Ritzwoller et al. (2011) that below 40 s period, ray-based ambient noise tomography can ignore wavefield complexities (e.g. finite frequency effects, wave front healing, near-station back scattering). Above ∼50 s period, however, these effects become increasingly important both for ambient noise and earthquakes.
The inversion approach of Barmin et al. (2001) tries to minimize a penalty function (their eq. 15) that depends on three parameters: α is the damping parameter for the data misfit, β controls the smoothness of the model and σ is the Gaussian smoothing width (in km) that has already been introduced. We performed a large number of inversions varying the values of these parameters. The final values used were chosen as a compromise between good data fit, small model roughness and stability of the features in the resulting models.
For the tomographic inversion we select the group and phase velocities following a two-step procedure. First we select all dispersion measurements with SNR > 10 for interstation paths that contain at least 3 complete wavelengths for the period considered. Measurements that do not meet these criteria are discarded for both steps of the inversion procedure. For the purpose of data selection, SNR is calculated for each period as the ratio between the maximum amplitude of the narrow-band filtered symmetric cross-correlation centred at the given period, and the root mean square (RMS) amplitude of a 500 s noise window measured after the Rayleigh wave arrival (Bensen et al. 2007) . With this initial selection we generate very smooth dispersion maps (α = 1000, β = 50 and σ = 400 km) for each period that are used to identify and reject outliers with high traveltime residuals. We reject measurements whose residuals with respect to the smooth model are greater than three standard deviations from the mean at each period. After rejecting the outliers, the remaining measurements are used on a second tomographic inversion with lower damping parameters (α = 500, β = 10 and σ = 150 km) to obtain the final group and phase velocity maps. The percentage of rejected outliers ranges from 1 to 3 per cent of the initial selection, depending on the period considered.
RESULTS
The robustness of the dispersion measurements is shown in Figs 4 and 5. Fig. 4(a) shows cross-correlations for two ∼1800-km long nearby paths from station CMIG to stations LPIG and NE85 that are separated only 14 km (see inset in Fig. 4b for location) . Both Green's functions are very similar particularly around the arrival of the Rayleigh wave train. This similarity can be clearly observed by comparing the dispersion curves for both paths (Fig. 4b) . Phase and group velocities between 20 and 45 s for both paths differ by less than one standard deviation, and the largest difference occurs at short periods for which the SNR of the CMIG-NE85 crosscorrelation is low partly because of the few data stacked (151 d) in contrast to the 288 d stacked for CMIG-LPIG. A more quantitative measure of the reliability of the dispersion measurements from seismic ambient noise correlations is shown in Fig. 5 , where the velocities calculated from stacked correlations for all available records between stations CMIG and TUC (see inset in Fig. 4b for location) are compared with the 3-month correlations. Phase velocity measurements from 3-month stacks are less variable than their equivalent group velocities (Fig. 5a ). The surface wave velocities (group and phase) measured from the cross-correlation stacked for the entire time duration available coincides within one standard deviation with the average of all the 3-month correlations (Fig. 5a) . Fig. 5(b) shows that the SNR of the cross-correlations for CMIG-TUC increases with the number of daily correlations stacked, and that this improvement is most significant for periods greater than 30 s. Comparison of dispersion curves measured from different seasonal correlations show that the value and shape of SNR as a function of period depends not only on the number of days stacked, but also on the season of the year. This variability in signal strength may indicate a seasonal dependency of noise sources besides the effect of the number and quality of the records correlated. Fig. 6 shows that the average standard deviation of group and phase velocities for all interstation paths measured from the 3-month cross-correlations increases with period. It can also be noted that the average standard deviation is smaller for phase velocity than for group velocity at all periods, in agreement with the results shown in Fig. 5 .
In this study we have obtained more than 2500 dispersion curves for different interstation paths through a variety of tectonic regions. The diversity in tectonic and structural regions manifests in differences in surface wave dispersion curves, as seen in Fig. 7 . Group and phase velocity curves of paths along and across the TransMexican Volcanic Belt (TMVB) present lower values than those for paths through other crustal blocks, like the Gulf of California, Pacific coast and Chortis block (Figs 7a and b) . For the Mayan block, group and phase velocities at periods longer than 40 s are also higher than those that travel through the TMVB, but similar at shorter periods. Group velocities through the TMVB show a local minimum between 10 and 20 s, in agreement with the results of Iglesias et al. (2010) . These paths cross active volcanic arcs (TMVB) and this group velocity minimum might be related to partially melted material associated with subduction. The dispersion curves through the Mayan and Chortis blocks differ significantly indicating that, although both of them are continental in nature, their seismic structure in depth is quite different, as will be seen in the phase and group velocity maps shown later.
The final number of paths used on the tomographic inversion is reduced with respect to the initial number, based on the criteria: SNR > 10; 3 complete wavelengths and maximum traveltime residual. The reduction is more important for periods longer than 30 s, because many paths between nearby stations do not meet the 3-wavelength criterion and also because the measurements at long periods are less reliable (Fig. 8a) . This last limitation can be improved by stacking a larger number of days, as seen in Fig. 5 . The criterion of selecting only dispersion measurements with SNR > 10 affects mainly to periods shorter than 25 s (Fig. 8b) . The average residual of group and phase velocities from tomographic inversions is reduced considerably when outliers are rejected from the inversion (Figs 8c and d) . Despite the rejection of outliers on the first inversion (between 1 and 3 per cent of the initial selection, depending on the period), some paths with high residuals remain in the final data set. However, the total number of paths with high residuals is small and the RMS of the residuals ranges from 8 to 13 s for group velocities and from 2 to 5 s for phase velocities (Fig. 8e) . Periods shorter than 25 s present the largest time residuals for both group and phase velocities.
To investigate the effects of the non-isotropic distribution of interstation ray paths, we have performed synthetic reconstruction tests. We have created a synthetic model consisting of four spike anomalies (2 • × 2 • in size with +6 per cent anomaly with respect to the average velocity) in representative parts of the model region. We invert the synthetic dispersion curves with the same damping parameters that we have used for our data, and the results are shown in Fig. 9 for three different periods (10, 20 and 50 s). The reconstructed spikes are slightly larger in size than the input ones but, in spite of the predominance of NW-SE rays, there is little smearing in the reconstructed anomalies along this direction, suggesting that the amount of crossing rays is sufficient to reduce this effect.
Following the approach of Barmin et al. (2001) , we have also computed resolution maps for the different periods considered in this study (Fig. 10) . According to these results, features with wavelengths of 250 km and larger are well resolved for Mexico and Central America. The Gulf of Mexico is poorly sampled for periods smaller that 30 s and the CAR (particularly its eastern part) is poorly resolved at all periods considered, as can be seen from the resolution and path density maps (Fig. 10) .
DISCUSSION
In this section we analyse the obtained group and phase velocity maps in terms of the geologic and tectonic features of the region. At short periods (less than 16 s) low-velocity anomalies are associated with sedimentary basins and high-velocity anomalies with mountain ranges. On the other hand, the intermediate periods (20-35 s) are sensitive to crustal thickness and shear velocity in the lower crust and upper mantle, with low-velocity anomalies indicating a thick crust or a crust with high temperature and/or fluid content. At long periods (50-80 s), phase velocities have maximum sensitivity to structures at 50-150 km depth.
The wide range of periods considered in this study allows sampling different depths, from the upper crust to the uppermost mantle. For a given period, estimated group and phase velocities are sensitive to different depth ranges. Based on the sensitivity kernels computed for the PREM model (Dziewonski & Anderson 1981) with the ocean layer replaced by consolidated sediments, surface wave phase velocity is sensitive to deeper features than group velocity for the same period (e.g. Bensen et al. 2008) . Consequently, Rayleigh wave phase velocity at 25 s is sensitive to the same depth than group velocity at 40 s, around 30-50 km to the uppermost mantle. Our velocity maps at these periods are similar, which gives a qualitative indication of the consistency of the results. Phase velocity sensitivity kernels show a positive relation between phase velocity c and shear wave velocity v S at 10, 20, 25 and 60 s period and at all depths, in contrast with group velocity U sensitivity kernels that depends on v S positively and negatively for some periods at some depths. This means that it is easier to relate changes of c with v S than changes of U. Our results generally agree at short periods with previous local tomographic studies and at long periods (T ∼50 s) with regional surface wave studies. The largest anomalies are obtained for periods from 10 to 25 s for group and phase velocities. Here follows a more detailed discussion of the maps at different period bands.
Short periods: 8-16 s
Group and phase velocity maps at short periods show good correlation with surface geological structures of the study region. The lowest velocity anomalies observed (up to 20 per cent) correspond to sedimentary basins. Two low-velocity anomalies are observed up to 20 s indicating a great thickness of sedimentary deposits. Both are marine sedimentary basins on the Gulf of Mexico, the Mississippi basin on the north and the Campeche basin on the south (Fig. 11) . Other low-velocity anomalies are also observed, but only up to 14 s, at the Colorado embayment and offshore south of the Baja California peninsula. The high-velocity anomalies at 10 s correspond to mountain ranges, such as the Sierra Madre Oriental, the Sierra Madre Occidental and the Sierra Madre del Sur. Some local very high-velocity anomalies on the 10 s group velocity maps are 1420 B. Gaite et al. not correlated with mountain ranges but coincide with Palaeozoic and Mesozoic terranes as shown in Fig. 1(a) . The sediment thickness map of Laske & Masters (1997) and the crustal thickness from CRUST2.0 (Bassin et al. 2000) are shown in Fig. 12 , together with the 8 and 40 s group velocity maps for comparison. There is general agreement between the sediment thickness and the 8 s group velocity map, although not all anomalies coincide. At 16 s, the Gulf of California presents a high group velocity anomaly (at 10 s for phase velocity) that increases in value and in area with period, reaching a 20 per cent value at 20 s. This anomaly is consistent with the extension on the north of the Gulf and the system of spreading centres and transform faults in the south, and agrees with the results of Zhang et al. (2007) . At this period, the high-velocity anomaly on the Gulf of California extends onto the western part of the Mexican mainland, indicating a thinner crust than in the rest of Mexico.
Intermediate periods: 20-40 s
At these periods we observe high-velocity anomalies associated with thin oceanic crust at the south of the Gulf of California and also on the Pacific coast, north of the Baja California peninsula. The high-velocity anomalies on the Gulf of California are discontinuous and their distribution changes with period. We also observe high-velocity anomalies that correspond to shallow basement rocks. Some examples of this are the Florida Peninsula (Mesozoic) and the south of the Appalachian and Ouachita mountains (Palaeozoic), which surround the low-velocity anomaly of the Mississippi basin.
These high-velocity anomalies are clearly seen at 30 s period on the phase velocity map. It is worth noting the sharp discontinuity between high-and low-velocity anomalies on the Gulf of California and Pacific coast of Mexico and Mexico mainland. The boundary is not parallel to the coast and is closer to the coast around the area where the Rivera plate begins to subduct beneath Mexico. Another significant feature is the contrast between the high velocities on the southeastern US-Gulf of Mexico-Mayan block, and the low velocities from the west-central US (Basin and Range province) towards the south and along Central Mexico, up to the Tehuantepec Isthmus, that continues on the Central American volcanic arc (CAVA). The high-velocity anomaly beneath the Mayan block coincides with areas of relatively thin crust according to CRUST 2.0 (Fig. 12) . Conversely, for this period band, low-velocity anomalies coincide with areas of thick crust according to CRUST 2.0. Finally, a pronounced low-velocity anomaly is clearly seen on the TMVB. At 20 s, the western part of the TMVB is characterized by relatively high velocities although at 30 s period the low-velocity anomaly is coincident with the TMVB and the lowest anomaly is located at the centre and towards the southeast.
Longer periods: 50-60 s
The most significant lateral velocity variation at these periods is the contrast between high velocities on the southern and eastern US-Mayan block and low velocities beneath the southern Basin and Range, mainland Mexico and Central America. This shows the dichotomy between the cratonic part of the NAM and the tectonically active western part. It is notable the difference of phase velocity between the Mayan block and the CAVA and the Chortis block. The most prominent high-velocity anomalies at these periods are at the southern and eastern US and on the north of the Mayan block. This is consistent with the tectonic evolution models of the Gulf of Mexico proposed by Pindell & Kennan (2009) . In these models, the Mayan block is originally attached to the south-central US from where it rifted and rotated (30
• -40
• clockwise) to its present position during the evolution of the Gulf of Mexico (approximately from 158 to 130 Ma). For these periods the most prominent low-velocity anomaly is also located along the TMVB. Low velocities at these long periods can be related to high temperatures, possibly caused by partially melted material and/or high fluid content, and to the presence of thickened crust.
CONCLUSIONS
The use of seismic ambient noise and the increasing number of broadband stations in Mexico, Caribbean and vicinity has allowed us to obtain new fundamental-mode Rayleigh wave group and phase velocity maps from 8 to 60 s period with a higher resolution (∼250 km in Mexico) than previous surface wave studies. The main features observed on the velocity maps are, at short periods (8-25 s), the low-velocity anomaly of the Mississippi basin and the high velocity beneath the California Gulf, related with the crustal thinning because of extension in the region. From 20 to 50 s, low-velocity anomalies along the active volcanic belts (TMVB and CAVA) contrast with the high velocities beneath the Mayan block, indicating a very different origin and structure. At periods equal or greater than 50 s, it is remarkable that the difference between the high velocities on southeastern US-Mayan block, and the low velocities along the southwestern USA, north and central Mexico and the western part of the Chortis block. The similarity of the high-velocity anomalies observed between southeastern US and Mayan block is consistent with their common origin and their evolution as proposed by evolution models of the Gulf of Mexico. The Rayleigh fundamental mode group and phase velocities calculated in this study will be useful as input to constrain a crust and upper-mantle 3-D shear velocity model of Mexico and vicinity.
